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Abstract
Detectors proposed for the International Linear Collider (ILC) incorporate a tungsten sampling calorimeter (‘Beam-
Cal’) intended to reconstruct showers of electrons, positrons and photons that emerge from the interaction point of
the collider with angles between 5 and 50 milliradians. For the innermost radius of this calorimeter, radiation doses at
shower max are expected to reach 100 Mrad per year, primarily due to minimum-ionizing electrons and positrons that
arise in the induced electromagnetic showers of e+e−‘beamstrahlung’ pairs produced in the ILC beam-beam interac-
tion. However, radiation damage to calorimeter sensors may be dominated by hadrons induced by nuclear interactions
of shower photons, which are much more likely to contribute to the non-ionizing energy loss that has been observed
to damage sensors exposed to hadronic radiation. We report here on the results of SLAC Experiment T-506, for which
several different types of silicon diode and gallium-arsenide sensors were exposed to doses of radiation induced by
showering electrons of energy 3.5-13.3 GeV. By embedding the sensor under irradiation within a tungsten radiator,
the exposure incorporated hadronic species that would potentially contribute to the degradation of a sensor mounted
in a precision sampling calorimeter. Depending on sensor technology, efficient charge collection was observed for
doses as large as 270 Mrad.
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1. Introduction
Far-forward calorimetry, covering the region between
5 and 50 milliradians from the on-energy beam axis,
is envisioned as a component of both the ILD [2] and
SiD [3] detector concepts for the proposed International
Linear Collider (ILC). The BeamCal tungsten sampling
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calorimeter proposed to cover this angular region is
expected to absorb approximately 10 TeV of electro-
magnetic radiation per beam crossing from e+e− beam-
strahlung pairs, leading to expected annual radiation
doses of 100 Mrad for the most heavily-irradiated por-
tions of the instrument. While the deposited energy
is expected to arise primarily from minimum-ionizing
electrons and positrons in the induced electromagnetic
showers, radiation damage to calorimeter sensors may
be dominated by hadrons induced by nuclear interac-
1
ar
X
iv
:1
60
2.
08
55
2v
1 
 [p
hy
sic
s.i
ns
-d
et]
  2
7 F
eb
 20
16
tions of shower photons, which are much more likely
to contribute to the non-ionizing energy loss that has
been observed to damage sensors exposed to hadronic
radiation. We report here on the latest results of SLAC
Experiment T-506, for which several different types of
silicon diode and gallium-arsenide (GaAs) sensors were
exposed to doses of up to 270 Mrad at the approximate
maxima of electromagnetic showers induced in a tung-
sten radiator by electrons of energy 3.5-13.3 GeV, sim-
ilar to that of electrons and positrons from ILC beam-
strahlung pairs.
Bulk damage leading to the suppression of the elec-
tron/hole charge-collection efficiency (CCE) is gener-
ally thought to be proportional to the non-ionizing
energy loss (‘NIEL’) component of the energy de-
posited by the incident radiation. Early studies of
electromagnetically-induced damage to solar cells [4, 5,
6] suggested that p-type bulk sensors were more toler-
ant to damage from electromagnetic sources, due to an
apparent departure from NIEL scaling, particularly for
electromagnetic particles of lower incident energy.
Several more-recent studies have explored radiation
tolerance of silicon diode to incident fluxes of elec-
trons. A study assessing the capacitance vs. bias volt-
age (CV) characteristics of sensors exposed to as much
as 1 Grad of incident 2 MeV electrons [7] suggested ap-
proximately 35 times less damage to n-type magnetic
Czochralski sensors than that expected from NIEL scal-
ing. A study of various n-type sensor types exposed to
900 MeV electrons showed charge-collection loss of as
little as 3% for exposures up to 50 Mrad exposure [8];
for exposures of 150 Mrad, a suppression of damage
relative to NIEL expectations of up to a factor of four
was observed [9]. These discrepancies have been at-
tributed to the different types of defects created by lat-
tice interactions: electrons tend to create point-like de-
fects that are more benign than the clusters formed due
to hadronic interactions.
Finally, in studies of sensors exposed to large doses of
hadron-induced radiation, p-type bulk silicon was found
to be more radiation-tolerant than n-type bulk silicon,
an observation that has been attributed to the absence
of type inversion and the collection of an electron-based
signal [10, 11]. However, n-type bulk devices have cer-
tain advantages, such as a natural inter-electrode isola-
tion with commonly used passivation materials such as
silicon oxide and silicon nitride.
More recently, GaAs sensors have been proposed as
a possible radiation-tolerant alternative to silicon sen-
sors, the latter of which can develop large dark current
after significant irradiation. GaAs sensors, on the other
hand, have been observed [12] to suffer significant loss
of CCE for moderate doses of 10-MeV-scale electrons.
Here, we report on an exploration of the radiation
tolerance of silicon and GaAs sensors, assessed via di-
rect measurements of the median collected charge de-
posited by minimum-ionizing particles. For some of
the sensors, leakage current measurement were also
made. Four different silicon-diode bulk compositions
were explored: p-type and n-type doping of both mag-
netic Czochralski and float-zone crystals. Both strip and
pad geometries were explored, depending on which sen-
sor samples were available. For strip sensors, p-type
float-zone sensors were produced by Hamamatsu Pho-
tonics while the remaining types were produced by Mi-
cron Corporation. Sensor strip pitch varied between 50
and 100 µm, while the bulk thickness varied between
307 µm (for the p-type magnetic Czochralski sensors)
and 320 µm (for the p-type float zone sensors). A p-
type float-zone pad sensor (part number WSI-P4), 320
µm thick and manufactured as a test structure on the
same wafer as ATLAS upgrade prototype sensors [1],
was also exposed and studied. Also explored was the ra-
diation tolerance of 300 µ-thick GaAs pad sensors pro-
duced by means of the Liquid Encapsulated Czochral-
ski method doped by a shallow donor (Sn or Te; Sn was
used for the sensor in this study) [12]. Relative to a
prior report [13] on the radiation tolerance of silicon
diode sensors, this report includes new results on a 270
Mrad exposure and annealing study of the WSI-P4 p-
type bulk float-zone silicon diode pad sensor, as well as
new results based on a recent run of experiment T-506
in which GaAs pad sensors was exposed to doses of 5.7
and 20.8 Mrad.
While the radiation dose was initiated by electro-
magnetic processes (electrons showering in tungsten),
the placement of the sensors near shower max ensures
that the shower incorporates an appropriate compo-
nent of hadronic irradiation arising from neutron spal-
lation, photoproduction, and the excitation of the ∆ res-
onance. Particularly for the case that NIEL scaling sup-
presses electromagnetically-induced radiation damage,
the small hadronic component of the electromagnetic
shower might dominate the rate of damage to the sen-
sor. However, the size and effect of this component is
difficult to estimate reliably, and so we choose to study
radiation damage in a configuration that naturally in-
corporates all components present in an electromagnetic
shower.
2. Experimental Setup
Un-irradiated sensors were subjected to current vs.
bias voltage (IV) and capacitance vs. bias voltage
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(CV) tests, the results of which allowed a subset of
them to be selected for irradiation based on their break-
down voltage (typically above 1000 V for selected sen-
sors) and low level of leakage current. The sensors
were placed on carrier printed-circuit ‘daughter boards’
and wire-bonded to a readout connector. The mate-
rial of the daughter boards was milled away in the re-
gion to be irradiated in order to facilitate the charge
collection measurement (described below) and mini-
mize radio-activation. The median collected charge
was measured with the Santa Cruz Institute for Parti-
cle Physics (SCIPP) charge-collection (CC) apparatus
(also described below) before irradiation. The sensors
remained mounted to their individual daughter boards
throughout irradiation and the followup tests, simplify-
ing their handling and reducing uncontrolled annealing.
Additionally, this allowed a reverse-bias voltage to be
maintained across the sensor during irradiation. This
voltage was kept small (at the level of a few volts) to
avoid possible damage of the devices from a large in-
stantaneous charge during the spill.
Sensors were irradiated with beam provided by the
End Station Test Beam (ESTB) facility at the SLAC Na-
tional Accelerator Laboratory. Parameters of the beam
provided by the ESTB facility are shown in Tab. 1.
The beam was incident upon a series of tungsten ra-
diators. An initial 7mm-thick (2.0 radiation-length)
tungsten plate (‘R1’) served to initiate the electromag-
netic shower. The small number of radiation lengths
of this initial radiator permitted the development of a
small amount of divergence of the shower relative to the
straight-ahead beam direction without significant devel-
opment of the largely isotropic hadronic component of
the shower.
Table 1: Parameters of the beam delivered by the ESTB facility during
the T-506 experiment.
Parameter Value
Energy 3.5-13.3 GeV
Repetition Rate 5-10 Hz
Charge per Pulse 150-180 pC
Spot Size (radius) ∼ 1 mm
This plate was followed by an open length of approx-
imately half a meter, which allowed a degree of spread-
ing of the shower before it impinged upon a second, sig-
nificantly thicker ‘R2’ (4.0 radiation-length) tungsten
plate, which was followed immediately by the sensor
undergoing irradiation. This was closely followed, in
turn, by an 8.0 radiation-length tungsten plate. Immedi-
ately surrounding the sensor by tungsten radiators that
both initiated and absorbed the great majority of the
electromagnetic shower ensured that the sensor would
be illuminated by a flux of hadrons commensurate with
that experienced by a calorimeter sensor close to the
maximum of a tungsten-induced shower. More precise
values of the location of the various radiator elements
and sensor, for each of the three years of running of T-
506, are given in Tab. 2.
Table 2: Location of the various radiator elements and the sensor un-
der irradiation, for the three successive phases of T-506 running. The
R1 radiator had a thickness of 2 X0, while the thickness of the R2 ra-
diator was 4 X0. The apparent increased geometrical thickness of R2
in Year 1 was due to the presence of a 6mm air gap mid-way through
the radiator.
Year 1 Year 2 Year 3
(2013) (2014) (2015)
Surface Location Location Location
(cm) (cm) (cm)
R1 Entrance 0.0 0.0 0.0
R1 Exit 0.7 0.7 0.7
R2 Entrance 55.0 45.7 46.6
R2 Exit 57.0 47.1 48.0
Sensor 57.7 47.6 48.5
Although initiating the shower significantly upstream
of the sensor promoted a more even illumination of the
sensor than would otherwise have been achieved, the
half-width of the resulting electron-positron fluence dis-
tribution at the sensor plane was less than 0.5 cm. On
the other hand, the aperture of the CC apparatus (to be
described below) was of order 0.7 cm.. Thus, in order to
ensure that the radiation dose was well understood over
the region of exposure to the CC apparatus source, it
was necessary to achieve a uniform illumination over a
region of approximately 1 cm2. This was done by ‘ras-
tering’ the detector across the beam spot through a range
of 1 cm in both dimensions transverse to that of the
incident beam. According to Monte Carlo simulation
studies, this is expected to generate a region of approxi-
mately 1 cm2 over which the illumination is uniform to
within ±20%. To account for potential millimeter-level
misalginments of the beamline center with the sensor, a
‘targeting factor’ of (90 ± 10)% is included in the final
dose-rate calculations.
3. Dose Rates
During the 120 Hz operation of the SLAC Linear Col-
lider Light Source (LCLS), 5-10 Hz of beam was de-
flected by a pulsed kicker magnet into the End Station
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transfer line. The LCLS beam was very stable with re-
spect to both current and energy. Electronic pickups and
ion chambers measured the beam current and beam loss
through the transfer line aperture, ensuring that good
transfer efficiency could be established and maintained.
The transfer efficiency was estimated to be (95 ± 5)%.
To calculate the dose rate through the sensor, it is
necessary to determine the ‘shower conversion factor’
α that provides the mean fluence of minimum-ionizing
particles (predominantly electrons and positrons), in
particles per cm2, per incoming beam electron. This
factor is dependent upon the radiator configuration and
incident beam energy, as well as the rastering pattern
used to provide an even fluence across the sensor (as
stated above, the detector was translated continuously
across the beam centerline in a 1 cm2 square pattern).
To estimate α, the Electron-Gamma-Shower (EGS)
Monte Carlo program [14] was used to simulate show-
ers through the radiator configuration and into the sen-
sor. The radiator configuration was input to the EGS
program, and a mean fluence profile (particles per cm2
through the sensor as a function of transverse distance
from the nominal beam trajectory) was accumulated by
simulating the showers of 1000 incident electrons of
a given energy. To simulate the rastering process, the
center of the simulated profile was then moved across
the face of the sensor in 0.5mm steps, and an estimated
mean fluence per incident electron as a function of po-
sition on the sensor (again, relative to the nominal beam
trajectory) was calculated. This resulted in a mean flu-
ence per incident electron that was uniform to within
20% 1mm anywhere inside the boundary of the raster-
ing region. The value of α used for subsequent irra-
diation dose estimates was taken to be the value found
at the intersection of the nominal beam trajectory with
the sensor plane. The simulation was repeated for vari-
ous values of the incident electron energy, producing the
values of α shown in Tab. 3 (Tab. 4) for the 2013 (2014-
15) radiator configuration. For years 2014 ans 2015, the
spacings of the radiator and sensor were close enough
that a single mean value of α sufficed.
To convert this number to rads per nC of delivered
charge, a mean energy loss in silicon of 3.7 MeV/cm
was assumed, leading to a fluence-to-rad conversion
factor of 160 rad per nC/cm2. It should be noted that
while this dose rate considers only the contribution from
electrons and positrons, these two sources dominate the
overall energy absorbed by the sensor. In addition, the
BeamCal dose-rate spec of 100 Mrad per year consid-
ered only the contribution from electrons and positrons.
To confirm the adequacy of the dose-calibration sim-
ulation, in 2013 an in-situ measurement of the dose
Table 3: Shower conversion factor α, giving the mean fluence at the
sensor per incident electron, as a function of electron energy. for the
2013 radiator configuration. These values include the effect of raster-
ing over a 1 cm2 area surrounding the nominal beam trajectory. Also
shown is the number of rads per nC of delivered charge, at the given
energy, corresponding to the given value of α.
Beam 2013 Shower Dose per nC
Energy Conversion Delivered
(GeV) Factor α Charge (krad)
2 2.1 0.34
4 9.4 1.50
6 16.5 2.64
8 23.5 3.76
10 30.2 4.83
12 36.8 5.89
was made using a radiation-sensing field-effect transis-
tor (‘RADFET’) [15] positioned on a daughter board at
the expected position of the nominal beam trajectory at
the center of the rastering pattern. Beam was delivered
in 150 pC pulses of 4.02 GeV electrons; a total of 1160
pulses were directed into the target over a period of four
minutes, during which the sensor was rastered quickly
through its 1 cm2 pattern. The RADFET was then read
out, indicating a total accumulated dose of 230 krad,
with an uncertainty of roughly 10%. Making use of the
dose rate calibration of Tab. 3, interpolating to the exact
incident energy of 4.02 GeV, and taking into account
the (95± 5)% transfer efficiency of the ESTB beamline,
leads to an expected dose of 250 krad, within the ∼10%
uncertainty of the RADFET measurement.
4. Sensor Irradiation Levels
Four types of silicon diode sensors were studied:
p-type and n-type doped versions of both magnetic
Czochralski and float-zone crystals. In what follows,
we will use the notation ‘N’ (‘P’) for n-type (p-type)
bulk sensors, and ‘F’ (‘C’) for float-zone (magnetic
Czochralski) crystal technology. In addition, two GaAs
sensors were irradiated. Once a sensor was irradiated
with the ESTB, it was placed in a sub-freezing environ-
ment and not irradiated again. Up to four sensors of
each type were irradiated and chilled until they could be
brought back to the University of California, Santa Cruz
campus for the post-irradiation CC and leakage current
measurements. In addition, the sub-freezing environ-
ment was maintained both during and after the measure-
ments, so that controlled annealing studies can eventu-
ally be done.
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Table 4: Shower conversion factor α, giving the mean fluence at the
sensor per incident electron, as a function of electron energy, for the
2014-15 radiator configuration. These values include the effect of ras-
tering over a 1 cm2 area surrounding the nominal beam trajectory.
Also shown is the number of rads per nC of delivered charge, at the
given energy, corresponding to the given value of α. For 2014 and
2015, the spacings of the radiator and sensor were close enough that
a single mean value of α sufficed.
Beam 2014-15 Shower Dose per nC
Energy Conversion Delivered
(GeV) Factor α Charge (krad)
3 4.6 0.73
5 10.0 1.60
7 15.5 2.48
9 21.1 3.38
11 26.7 4.27
13 31.8 5.09
15 37.7 6.03
17 43.0 6.88
Table 5 displays the dose parameters of the irradiated
sensors. The (95 ± 5)% transfer line efficiency and the
(90±10)% targeting factor have been taken into account
in these estimates. The numeral following the two let-
ters in the sensor identifier refer to an arbitrary ordering
of sensors assigned during the sensor selection. Sen-
sors were held at between 0 and 5 C during irradiation.
With the exception of sensor NC02, which was acciden-
tally annealed for 5 hours at temperatures as high as 130
C, all sensors were transferred to a cold (below -10 C)
environment immediately after irradiation. All four sil-
icon diode sensor types were exposed to dose rates of
approximately 5 and 20 Mrad, while an NF sensor re-
ceived over 90 Mrad, an NC sensor 220 Mrad and a PF
pad sensor 270 Mrad. Two GaAs sensors received doses
of approximately 6 and 21 Mrad, respectively. CC and
leakage current results for the irradiated sensors will be
presented below.
5. Charge Collection Measurement
The SCIPP CC apparatus incorporates a 90Sr source
that has a secondary β-decay with an end-point energy
of 2.28 MeV. These β particles illuminate the sensor un-
der study, which is read out in one of two ways, depend-
ing upon whether it is a strip or pad sensor. These two
charge collection readout approaches are described in
detail below.
For strip sensors, 64 channels are read out by the
PMFE ASIC [16], with a shaping time of 300 nsec.
Whenever one of the 64 channels exceeds a pre-set, ad-
justable threshold, the time and duration of the excur-
sion over threshold is recorded. In addition, the ∼20 Hz
of β particles that pass through the sensor, and subse-
quently enter a small (2mm horizontal by 7mm vertical)
slit, trigger a scintillator, and the time of excitation of
the scintillator is also recorded. If the slit is properly
aligned with the read-out channels of the sensor, and the
sensor is efficient at the set read-out threshold, a tempo-
ral coincidence between the scintillator pulse and one of
the read-out channels will be found in the data stream.
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Figure 1: Sample profile of coincidences between the read-out sensor
channels and the trigger scintillator. The integral of this distribution
provides a count of the number of β particles triggering the scintillator
that also exceed the chosen PMFE threshold in one of the read-out
channels.
Figure 1 shows a sample coincidence profile (his-
togram of the number of coincidences vs. channel num-
ber) for a strip sensor for a 150-second run at a given
threshold and reverse bias level for one of the irradiated
sensors (specifically, for the NC01 sensor after 5.1 Mrad
of irradiation, applying a 300V reverse bias and a 130
mV threshold). The integral of the distribution yields
an estimate of the total number of coincidences found
during the run, which, when divided by the number of
scintillator firings (after a small correction for cosmic
background events) yields the median CC level at that
threshold and bias level. This measurement can then
be performed as a function of threshold level, yielding
the curve shown in Fig. 2. For this plot, the abscissa
has been converted from voltage (the applied threshold
level) to fC (the PMFE input charge that will fire the
threshold with exactly 50% efficiency) via a prior cal-
ibration step involving measurement of the PMFE re-
sponse to known values of injected charge. The point at
which the curve in Fig. 2 crosses the 50% level yields
the median CC for the given bias level. In a prior study
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of sensors irradiated with hadrons, the SCIPP appara-
tus gave median charge results consistent with that of
other charge collection systems used to assess radiation
damage in that study [17].
Charge [fC]
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Charge Collection Efficiency vs. Threshold: Bias = 200 V
Figure 2: Plot of efficiency vs. PMFE threshold setting for one of
the irradiated sensors. The abscissa has been converted from applied
threshold voltage to the amount of input PMFE charge that will exceed
the given threshold exactly 50% of the time. The point at which the
curve crosses the 50% level yields the median CC for the given bias
level.
For assessing the CCE of pad sensors, a two-stage,
single-channel amplifier was constructed from discrete
components, based on a design of Fabris, Madden and
Yaver [18]. For the first stage, a cascode of two NXP
BF862 JFETs is used. The source of the second JFET
was connected to the non-inverting input of an LM6171
operational amplifier, chosen for its high slew rate and
low input noise contribution. The output of this opamp
was then fed back to the input of the first JFET, complet-
ing the negative feedback loop. An external network,
including a 32 dB Sonoma Instrument 310 SDI ampli-
fier, was used to further amplify the pulse and shape it
to a rise-time of 290 ns.
Upon receiving a trigger from the scintillator, the
signal from the amplifier was read out by a Tektronix
DPO 4054 digital storage oscilloscope, and the digitized
waveforms were written out and stored on the disk of
a dedicated data-acquisition computer. After the wave-
forms were accumulated on the computer, a narrow tem-
poral window was set around the peak of the average
excitation pulse from through-going beta particles, and
a histogram was made of the resulting pulse-height dis-
tribution; a typical distribution is shown in Fig. 3. Since
not all β particles that trigger the scintillator go through
the pad, the distribution shows contributions from both
the Landau deposition of the through-going β particles,
as well as that of the noise pedestal, allowing for an in-
situ subtraction of the mean pedestal.
The amplification system was calibrated by reading
out an unirradiated silicon diode sensor of known thick-
ness, and comparing the median charge of the result-
ing Landau distribution (after subtracting off the mean
pedestal) to that expected for an unirradiated sensor of
that thickness. This yields a gain of approximately 40
mV/fC, with a small dependence on load capacitance.
The width of the pedestal distribution then provides a
measurement of the readout noise, which was found to
be approximately 250 electrons at room temperature.
Figure 3: Histogram of pulse height for photomultiplier-triggered
data events for the single-channel readout. Both the Landau distribu-
tion due to through-going β particles as well as the noise pedestal (for
triggers for which the β particle did not traverse the sensor) are seen.
6. Charge Collection and Leakage Current Results
The daughter boards containing the irradiated sensors
were designed with connectors that allowed them to be
attached to the CC apparatus readout board without han-
dling the sensors. The median CC was measured as a
function of reverse bias voltage for each sensor both be-
fore and after irradiation.
A series of irradiation runs of between 5 and 220
Mrad was taken for the NC (n-type bulk magnetic
Czochralski) sensor type. For the exposures of 5.1
(NC01) and 18.0 Mrad (NC10), no difference in CC
performance was observed relative to the pre-irradiation
studies of the NC01 and NC10 sensors. In Fig. 4 the me-
dian CC both before and after irradiation is plotted for
the NC03 (90 Mrad dose) and NC02 (220 Mrad dose)
sensors; it should be borne in mind, though, that the
NC02 sensor experienced significant annealing before
the post-irradiation measurement was done. It is seen
that, while the depletion voltage increases significantly
6
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Figure 4: Median collected charge [fC] for the NC03 (90 Mrad dose)
and NC02 (220 Mrad dose) sensors.
with dose, median CC within 20% of un-irradiated val-
ues is maintained for doses above 200 Mrad, although
it may require annealing to maintain efficiency at that
level.
Figure 5: High-dose CC results for the NF07 (90 Mrad dose) sensor,
as a function of annealing temperature. The sensor was annealed at
the reported temperature for one hour.
A comprehensive study of the effects of annealing on
CC was performed for an NF-type sensor after an ex-
posure of 90 Mrad. Figure 5 exhibits the CC results
for this sensor after annealing for one-hour periods over
a series of progressively higher temperatures. After a
one-hour annealing step at room temperature, full CC is
observed for NF07 even after irradiation to nearly 100
Mrad, although the depletion voltage rose significantly
with irradiation. The depletion voltage was observed
to decrease significantly for annealing temperatures be-
low 80o C (beneficial annealing), but then rose again for
annealing temperatures in excess of 100o C (reverse an-
nealing).
Figure 6: CC results for the WSI-P4 (PF pad) sensor before and
after irradiation with a 270 Mrad dose, and after a series of annealing
steps. Significant CCE remained after the 270 Mrad dose, with both
the depletion voltage and CCE showing improvement with annealing
at temperature of up to 60o C.
In 2015, a p-type float-zone pad sensor (WSI-P4) was
irradiated to a total dose of 270 Mrad, and both leakage
current and CCE were studied, both directly after irradi-
ation as well as after one-hour annealing periods at suc-
cessively higher temperature. Figure 6 shows the post-
irradiation CCE (for 300 ns shaping time) as a function
of bias voltage for the various stages of annealing. The
CCE was seen to increase monotonically with bias volt-
age, reaching a maximum of approximately 85% of the
pre-irradiation value above 600 V after a one-hour an-
nealing period at 60o C.
Figure 7 shows the post-irradiation leakage current
for sensor WSI-P4, measured at -10oC, as a function of
bias voltage for the various stages of annealing. Relative
to the pre-irradiation level of less than 10 nA, the current
is seen to be significantly larger after irradiation, with
little improvement observed as the sensor is annealed at
successively higher temperature. At a bias voltage of
600 V the leakage current is observed to be about 2 µA,
corresponding to a power draw of approximately 1.2
mW. Taking into account the 0.025 cm2 area of the sen-
sor, this corresponds to a post-irradiation power draw
of approximately 50 mW/cm2 after an exposure of 270
Mrad.
For the GaAs sensors, CCE and leakage current were
measured both before and after exposures of 5.7 and
20.8 Mrad. Figure 8 shows the CCE as a function of
bias voltage for the GaAs-18 sensor before and after a
5.7 Mrad irradiation, and then after an annealing step
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Figure 7: Leakage current at -10o C for the WSI-P4 p-type float-zone
pad sensor after irradiation with a 270 Mrad dose, and after a series of
annealing steps. Pre-irradiation leakage current was measured to be
below 10 nA.
Figure 8: GaAs-18 sensor CCE before and after irradiation with a 5.7
Mrad dose.
for which the sensor was heated to 23o C for one hour.
Since the GaAs sensor is not a diode, the CC does not
reach a maximum as the applied voltage is raised. How-
ever, the CC is observed to drop by approximately 20%
over the full range of applied voltage. This observation
is roughly consistent with that of [12], which made use
of an exposure of a pure beam of order-10-MeV elec-
trons. Room-temperature annealing was seen to further
degrade the CCE.
Figure 9 shows the CCE as a function of bias voltage
for the GaAs-09 sensor before and after a 20.8 Mrad ir-
radiation, and then after an annealing step at room tem-
perature and at 30o C. Before annealing, but after irradi-
ation, the CCE at a bias of 600 V was seen to decrease
by over 40%; after annealing at 30o C, the CCE was fur-
ther reduced to a level of approximately 15% of its pre-
irradiated value. Again, this CCE loss after 21 Mrad of
exposure is consistent with that of [12].
Figure 10 shows the post-irradiation leakage current
for GaAs-09 (20.8 mRad exposure), measured at -10oC,
as a function of bias voltage for the various stages of an-
nealing. Relative to the pre-irradiation level of less than
10 nA, the current at a bias voltage of 600 V is seen to
rise to a fraction of a microamp after irradiation, leading
to leakage currents of less than 1 µA/cm2 over the 0.21
cm2 area of the GaAs pad sensors. Annealing is seen
to markedly reduce the post-irradiation leakage current,
although as discussed above, the same annealing steps
dramatically reduced the CCE.
Figure 9: CCE results for the GaAs-09 sensor before and after irra-
diation with a 20.8 Mrad dose, and after a series of annealing steps.
CCE was observed to degrade substantially with irradiation, and de-
grade further with annealing.
Table 6 provides a table of maximum median col-
lected charge, both before and after irradiation, and me-
dian charge loss due to irradiation, for all sensors stud-
ied.
7. Summary and Conclusions
We have explored the radiation tolerance of four dif-
ferent types of silicon diode sensors (n-type and p-type
float zone and magnetic Czochralski bulk) sensors, as
well as a GaAs sensor, exposing them to doses as high
as 270 Mrad at the approximate maxima of tungsten-
induced electromagnetic showers. For the two types
of silicon diode sensors (n-type Czochralski and p-type
float zone) explored with several-hundred Mrad doses,
we have found charge-collection efficiency in excess of
80% for a bias voltage of 600 V. For the p-type float
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Figure 10: Leakage current at -10o C for the GaAs-09 sensor after
irradiation with a 20.8 Mrad dose, and after a series of annealing steps.
Pre-irradiation leakage current was measured to be below 10 nA.
zone sensor after irradiation with 270 Mrad, the leak-
age current at a temperature of -10o C was measured to
be approximately 80 µA/cm2. This suggests that, with
the application of active cooling, silicon diode sensors
may be sufficient for the operation of a calorimeter ex-
posed to hundreds of Mrad, approaching the specifica-
tion required for the most heavily irradiated sensors in
the ILC BeamCal instrument. While the depletion volt-
age increases significantly with radiation, studies of the
charge-collection efficiency as a function of annealing
temperature suggests that the depletion voltage can be
significantly decreased after one-hour annealing runs at
temperatures up to 80o C. On the other hand, the GaAs
sensors showed significant loss of charge-collection ef-
ficiency even for modest radiation doses of 6 Mrad; for
a dose of 21 Mrad the charge-collection efficiency was
reduced by nearly 60%. Room-temperature annealing
further reduced the charge-collection efficiency to 17%
of the value measured before irradiation. In all cases,
however, the leakage current remained below 1 µA/cm2.
In the most recent run of experiment T-506, a full
complement of n- and p-type float zone and magnetic
Czochralski pad sensors were exposed to doses of ap-
proximately 300 Mrad each. For the case of the p-type
float zone sensor, which had already been irradiated and
studied as discussed above, the total accumulated dose
is now approaching 600 Mrad. In addition, a silicon
carbide sensor was exposed to a dose of 100 Mrad. The
CCE and leakage current performance of these sensors
is currently under evaluation.
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Table 5: Dose parameters of the irradiated sensors. A (95 ± 5)% transfer line efficiency and a (90 ± 10)% targeting factor has been taken into
account in final dose estimates. While the NC02 sensor was irradiated at a temperature of 5 C, it was accidentally annealed for approximately 5
hours at temperatures as high as 130 C.
Sensor Strip (S) Year Beam Energy Delivered Dose
or Pad (P) 2013 (GeV) Charge (µC) (Mrad)
PF05 S 2013 5.88 2.00 5.1
PF14 S 2013 3.48 16.4 19.7
PC10 S 2013 5.88 1.99 5.1
PC08 S 2013 (5.88, 4.11, 4.18) (3.82,3.33,3.29) 20.3
NF01 S 2013 4.18 2.30 3.7
NF02 S 2013 4.02 12.6 19.0
NF07 S 2013 8.20 23.6 91.4
NC01 S 2013 5.88 2.00 5.1
NC10 S 2013 3.48 15.1 18.0
NC03 S 2013 4.01 59.9 90.2
NC02 S 2013 (10.60,8.20) (32.3,13.8) 220
GaAs-18 P 2014 3.87 6.03 5.7
GaAs-09 P 2014 3.90 21.7 20.8
WSI-P4 (PF) P 2015 13.32 50.9 269
Table 6: Maximum median CCE before and after irradiation. While the NC02 sensor was irradiated at a temperature of 5o C, it was accidentally
annealed for approximately 5 hours at temperatures as high as 130 C. Room-temperature annealing was required to recover the full CC for the
NF07 sensor. For the WSI-P4 sensor (PF pad sensor), the quoted charge CCE is that after annealing at 60o C For the GaAs sensors, the quoted CCE
is that before the sensor spent a significant amount of time above -10o C; annealing was found to significantly degrade the CCE for GaAs sensors.
Sensor Dose Median CC Before Median CC After Fractional
(Mrad) Irradiation (fC) Irradiation (fC) Loss (%)
PF05 5.1 3.70 3.43 7
PF14 20 3.68 3.01 18
PC08 20 3.51 3.09 12
NF01 3.7 3.76 3.81 0
NF02 19 3.75 3.60 4
NF07 91 3.75 4.00 0
NC01 5.1 3.71 3.80 0
NC10 18 3.76 3.74 1
NC03 90 3.68 3.55 4
NC02 220 3.69 3.06 17
WSI-P4 (PF) (@600 V) 269 3.77 3.17 16
GaAs18 (@600 V) 5.7 6.41 5.22 19
GaAs09 (@600 V) 20.8 4.74 2.02 57
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